Degenerate four-wave mixing in semiconductors reveals many different physical mechanisms. In photorefractive (PR) semiconductors, two mechanisms of refractive-index modulation coexist at short-pulse excitation: an intrinsic local one, based on nonequilibrium carriers, and a second one, of PR origin, based on internal space-charge electric fields that arise from fast-carrier redistribution. Free-carrier (FC) nonlinearity is isotropic, and for frequencies far from the direct band gap it is described by the Drude-Lorentz model.' For the PR mechanism the index modulation seen by a probe beam depends on the beam's polarization and on the orientation of the crystal principal axes with respect to grating vector Kg: Ap= no 3 by any conventional electro-optic mechanism, which predicts reff = 0 for anisotropic diffraction in this geometry. 2 This phenomenon was attributed to internal strains and electric fields around charged dislocations, which may break the crystal symmetry with dislocation density, which points out that the effect and create new components in the electro-optic tensor. Unlike in GaAs, no anisotropic diffracted signal has been observed on gratings oriented along [001] in PR-cut vanadium-doped CdTe crystals grown by the Bridgman technique. Because the latter growth technique gives a very low density of dislocations, this observation also supports our hypothesis that local strains and electric fields at macroscopic defects are what cause a nonzero effective electrooptic coefficient. Recently observed PR effects in strained centrosymmetric KTN and KTLN crystals also were attributed to the presence of growthinduced strain. 6 In this Letter we extend our studies on the origin of this novel effect, which we believed to be dependent on dislocation density. Samples of liquidencapsulated Czochralski-grown GaAs with different dislocation densities and specific nonphotorefractive orientations are investigated. Degenerate four-wave mixing experiments are performed with the setup described in our previous work.' We use a YAG laser emitting a 28-ps-duration pulse with energy density up to 10 mJ cm-2 at a 1.06-um wavelength. Two s-polarized beams of equal intensity record a grating with period A = 1.8 um. The decay of PR and FC gratings is monitored by a delayed s-polarized or p-polarized probe beam and a polarization-sensitive readout system. PR and FC picosecond gratings are studied in four GaAs crystals. The first sample (#1), an undoped The dislocation density in the latter sample is rather low because of strong doping with a shallow impurity. 7 We compare the diffraction characteristics of semiinsulating GaAs (sample #1) in two different orientations of the grating vector (Kg /I [110] and Kg// [001] axes) to analyze the origin of the observed effect. 5 Dependencies of the diffracted beam energy I, versus excitation energy density Io (so-called exposure characteristics) and decay characteristics of the gratings (I1 versus probe beam delay time At) are measured.
At short-pulse excitation, electric fields of two origins are created in photorefractive GaAs crystals: a space-charge field El between ionized EL2 donors and electrons at monopolar carrier generation and a Dember field E 2 between electrons and holes. 8 The transfer from a monopolar (E 1 ) to a bipolar (E 2 ) regime is seen in both decay and exposure characteristics. The decay of the first component is governed by dielectric relaxation, while E 2 is erased by ambipolar diffusion. The ratio E 1 /E 2 varies with excitation and time. An indication of a grating erasure by diffusion is given by a fast component whose time constant decreases with excitation and reaches its ambipolar limit , = K 2e T /up ± P//n = 43 ps TKg2kBT nl+ P at high excitations (n = p) 5 (n and p are the free-electron and hole densities). For example, for Kg// [110] we find the decay time of the PR grating TPR = 65 ps at 1o = 4 mJ cm" 2 ( Fig. 1, curve 2) . Similar behavior is observed for the unexpected signal resulting from anisotropic diffraction on the grating recorded with Kg// [001], as illustrated in Fig. 1 ,
The transfer from the slow field component El to the fast one E 2 with increasing excitation also is revealed as a change in the power law dependence I, = A Io.5 For FC gratings the slope y = A[log(Il)]/A[log(Io)] decreases from y = 4-5 to y = 3, as found experimentally. 4 ' 5 For PR gratings the decrease in y value always is more pronounced (from yi = 4-5 to Y2 = 2-2.5; see Fig. 2 ). This is because the decrease in the FC grating is compensated by a nonlinear increase of carrier concentration owing to two-photon absorption of light, whereas the PR effect, based on carrier transport, depends only on relative modulations of gratings.
Slopes of exposure characteristics (Fig. 2) show identical behavior of anisotropic signals detected in both grating orientations.
All these similarities in exposure and temporal features confirm that the physical origin of the diffracted signal observed in orientation Kg// [001] is the same as in Kg // [110], i.e., of photorefractive origin.
In the following, we compare the strengths of the diffracted PR signals at a fixed value of Io = 2.5 mJ cm-2 . The absolute value of I1PR is twice as large in the geometry Kg// [001] (see Fig. 2 ). A similar increase in diffraction is observed for FC gratings. We also measure a stronger absorption of s-polarized beams 9 Fig. 2 for PR signals).
. 5 This indicates that space-charge fields and carrier concentrations are coupled and would give a constant value of Esc/An. Thus v 1 § varies linearly with r*e. tion density is shown in Fig. 3 (filled circles) . From Dislocation density (10 3cm ) these values we plot the square root of ratio S (Fig. 3 electric effects and dichroism of optical absorption, also will use this procedure of normalization of which can be responsible for the creation of new coo I1FC in the following analysis for comparison efficients of the electro-optic tensor. Further studies e strengths of the PR effect in (001)-cut samof optical nonlinearities, using nanosecond duration vith different absorption coefficients and thicklaser pulses and different wavelengths, will allow us s.
to reach a better understanding of mechanisms inen though reff = 0 for beams propagating along volved in dislocation-governed refractive-index modtime-resolved measurements of carrier dvnamulation. ics in In-alloyed sample #2 also show the existence of an anisotropic diffracted signal that is created at excitations as low as 1 mJ cm-2 . At an excitation level of 2.5 mJ cm-2 this new PR signal is I1PR = 5-6 a.u., and the FC signal is I1FC = 1000 a.u., leading to a ratio S = 0.5-0.6% for this sample. The same anisotropic diffraction is observed in the undoped semi-insulating sample #3. A value of S = 0.8-1% is estimated at 1 0 = 2.5 mJ cm-2 . For sample #4, heavily doped n-GaAs, we also observe a p-diffracted component of an s-polarized probe beam, but the diffracted signal strength is smaller than those in semi-insulating samples. A value S = 0.3% at Io = 2.5 mJ cm-2 is obtained. The similarity in behavior revealed in exposure characteristics (Fig. 2) points out a common origin of this anisotropic diffraction.
The results are summarized in Fig. 3 . They clearly show the decrease of the PR signal in nonphotorefractive geometry with decreasing dislocation density. The ratio of I1PR/IlFC is the square of the ratio of induced changes of refractive index that are due to the electro-optic effect and to the FC grating: The PR index modulation is AnpR -(r*f Escno3)/2 (where r*f is the effective electro-optic coefficient in the presence of dislocations). PR index modulation K. Jarasiunas acknowledges many valuable discussions with Jurgis Storasta and financial support by International Science Foundation long-term grant LA9000.
